The NEIL3 DNA glycosylase is a base excision repair enzyme that excises bulky base lesions from DNA. Although NEIL3 has been shown to unhook interstrand crosslinks (ICL) in Xenopus extracts, how NEIL3 participants in ICL repair in human cells and its corporation with the canonical Fanconi anemia (FA)/BRCA pathway remain unclear. Here we show that the NEIL3 and the FA/BRCA pathways are nonepistatic in psoralen-ICL repair. The NEIL3 pathway is the major pathway for repairing psoralen-ICL, and the FA/BRCA pathway is only activated when NEIL3 is not present. Mechanistically, NEIL3 is recruited to psoralen-ICL in a rapid, PARP-dependent manner. Importantly, the NEIL3 pathway repairs psoralen-ICLs without generating double-strand breaks (DSBs), unlike the FA/BRCA pathway. In addition, we found that the RUVBL1/2 complex physically interact with NEIL3 and function within the NEIL3 pathway in psoralen-ICL repair. Moreover, TRAIP is important for the recruitment of NEIL3 but not FANCD2, and knockdown of TRAIP promotes FA/BRCA pathway activation. Interestingly, TRAIP is non-epistatic with both NEIL3 and FA pathways in psoralen-ICL repair, suggesting that TRAIP may function upstream of the two pathways. Taken together, the NEIL3 pathway is the major pathway to repair psoralen-ICL through a unique DSB-free mechanism in human cells.
INTRODUCTION
DNA interstrand cross-links (ICLs) are toxic lesions that prevent DNA replication and transcription by blocking DNA strand separation, and unrepaired ICLs lead to apoptosis and cell death (1) . The Fanconi anemia (FA) pathway is essential for the repair of DNA-ICLs, and defects in the FA pathway result in Fanconi anemia, a chromosomal instability disorder characterized by congenital abnormalities, progressive bone marrow failure, and cancer predisposition (2) . The FA proteins function in a multistep pathway required for the repair of endogenous and exogenous ICLs, such as ICLs induced by the therapeutic agent Mitomycin C (MMC). To date, 23 FA genes have been identified, which are grouped into three categories: the FA core complex (an E3 ligase complex), the FANCI/FANCD2 (ID) complex, and the downstream effector proteins, such as structurespecific nuclease and double-strand break (DSB) repair proteins (3, 4) . When DNA replication is blocked by an ICL, the FA core complex (containing FANCA, B, C, E, F, G, L and M) monoubiquitinates the FANCI-FANCD2 complex (ID2), a pivotal step in the FA pathway (5) . The FA core complex is recruited to a stalled replication fork by an ICL via the anchoring complex containing FANCM subunit, along with Fanconi-associated proteins (FAAPs). Nucleolytic processing of the ICLs, which involves nucleases recruited by the SLX4/FANCP scaffold protein (6, 7) , generates DSBs that can be repaired by multiple downstream repair pathways (8) .
Base excision repair (BER) is the major pathway for repairing DNA base damage and single strand breaks. If left unrepaired, these lesions can be mutagenic, blocking repli-cation fork (9) , or even perturbing epigenetic marks (10, 11) . The first and most critical step of BER is the searching and excision of damaged bases, a step that is carried out by DNA glycosylases. NEIL3 (DNA Endonuclease VIII-like 3) is a member of the Fpg/Nei glycosylase family (12, 13) , also including NEIL1 (14) and NEIL2 (15) . Like other members of the Fpg/Nei family, NEIL3 contains a DNA glycosylase activity that excises damaged bases and an AP (apurinic/apyrimidinic site) lyase activity that cleaves the DNA backbone at an AP site, thus generating a singlestrand break (SSB) (13, 16) . NEIL3 is distinguished from the other NEILs by its long C-terminal domain (CTD) (13) . The glycosylase domain of NEIL3 prefers base lesions in single-stranded DNA (ssDNA) or ssDNA-containing structures (i.e. fork DNA) (13, 16) . NEIL3 also possesses the unique activity of removing damaged bases from Gquadruplex DNA (17) (18) (19) .
The biochemical features of NEIL3 have been well characterized in the past decade, although the cellular function of NEIL3 has just begun to be understood. NEIL3 repairs telomere damage and protects telomeres during S phase to ensure accurate segregation of chromosome during mitosis (20) . NEIL3 also plays a critical role in preventing autoimmunity, and its glycosylase activity is required for this function (21) . NEIL3 appears to be important for cell proliferation, as evidenced by its role in regulating proliferation of cardiac fibroblasts in the heart and neural progenitor cells in the human brain (22, 23) . Its expression is increased in highly replicative tissues such as bone marrow (12, 24) and in cancerous tissues (24) . These studies demonstrate that NEIL3 is a versatile DNA glycosylase that functions outside of BER.
A new role for NEIL3 in ICL repair has recently been discovered. NEIL3 directly unhooks psoralen-and AP-ICLs during DNA replication in Xenopus egg extracts (25) . This function of NEIL3 appears to be the first choice for the repair of a psoralen-ICL or AP-ICL (formed by AP site and an adenosine on opposite strands), and its failure activates the Fanconi anemia pathway. Purified NEIL3 and NEIL1 excises psoralen-induced DNA-DNA cross-links in vitro (26, 27) . Moreover, NEIL3 unhooks ICLs between glycosidic bonds and does not nick the DNA backbone, and accordingly does not generate DSBs (25, 26) . The ability of NEIL3 to accommodate those bulky lesions is supported by its crystal structure, which features a large lesion binding pocket of its glycosylase domain (28) . In addition, mouse embryonic fibroblasts (MEFs) derived from Neil3 -/mice are sensitive to ICL-inducing agents such as cisplatin (29) . These studies show that NEIL3 plays an important role in ICL repair.
Additional players in ICL repair have been recently discovered. The RING-Type E3 ubiquitin ligase TRAIP (TRAF Interacting Protein) for example is essential for cell proliferation and replication fork progression through DNA damage, and TRAIP mutations cause microcephalic primordial dwarfism (30, 31) . TRAIP is required for optimal phosphorylation of H2AX and RPA2 during S-phase after UV-C irradiation (31) , and knockdown of TRAIP sensitizes cells to MMC (32) . More recently, TRAIP was found to operate a switch between the NEIL3 and FA pathways in ICL repair by controlling the length of ubiquitin chain on CMG complex (33) . In addition, the AAA + ATPase family proteins RuvB Like 1 (RUVBL1) and its paralog RU-VBL2 are DNA-dependent ATPases/helicases that are involved in diverse cellular activities. The RUVBL1/2 complex facilitates homologous recombination (34) and ICL repair (35, 36) . The RUVBL1/2 complex also regulates the abundance of FA core complex proteins, and depletion of RUVBL1/2 causes FA phenotypes in human cells, including defective in FA pathway activation, chromosomal instability and sensitivity to MMC (36) .
Although NEIL3 was shown to act on ICLs biochemically in the Xenopus egg extracts, little is known about how NEIL3 contributes to ICL repair in human cells, and how the NEIL3 and FA pathways interact. Here we show that the NEIL3 pathway is the major pathway that repairs psoralen-induced ICLs (psoralen-ICLs), while the FA pathway is mostly responsible for repairing MMCand cisplatin-induced ICLs. NEIL3 provides a strong response to psoralen-ICLs, resulting in a rapid, PARPdependent recruitment to psoralen-ICL sites and protein accumulation/stabilization. Unlike the canonical FA pathway, NEIL3 unhooks psoralen-ICLs without creating DSBs in human cells. TRAIP appears to function upstream of the NEIL3 and the FA pathways, while RUVBL1/2 binds directly to NEIL3 and functions within the NEIL3 pathway. Collectively, we show the NEIL3 pathway is prioritized in psoralen-ICL repair through a unique mechanism in human cells.
MATERIALS AND METHODS

Cell lines and culture conditions
Human FA fibroblasts including PD20 (FANCD2 -/-), and PD326 (FANCG -/-) were derived from FA patients as previously described (37) . All human FA fibroblasts, U2OS and HeLa cells were grown in Dulbecco's modified Eagle's medium supplemented with 10% (v/v) fetal bovine serum (Thermo Fisher Scientific) and 1% penicillin/streptomycin (Thermo Fisher Scientific) in a 5% CO 2 incubator at 37 • C. The primary wild-type and Nelil3 -/mouse embryonic fibroblasts (MEFs) were gifts from Magnar Bjørås. The MEFs were immortalized with SV40 antigen according to the protocol described previously (38) . The immortalized MEFs were grown in minimum essential medium supplemented with 10% (v/v) fetal bovine serum (Thermo Fisher Scientific), 2 mM L-glutamine and 1% penicillin/streptomycin (Thermo Fisher Scientific) in a 5% CO 2 incubator at 37 • C.
Plasmids, siRNA, and transfection
The EGFP-FANCD2 and NEIL3-HA plasmids were described previously (20, 39) . The RUVBL1-Flag (#OHu26261) and RUVBL2-Flag (#OHu25367) plasmids were purchased from GenScript. Plasmid was transfected using Lipofectamine LTX Reagent (Thermo Fisher Scientific). For siRNA treatment, cells were transfected with specific siRNA (Dharmacon and Qiagen; see Supplementary Table S1 ) using Lipofectamine RNAiMAX Reagent (Thermo Fisher Scientific).
Generation of NEIL3 -/-, FANCA -/and FANCD2 -/cells
HeLa-FANCA -/and U2OS-FANCD2 -/cell lines were generated using the CRISPR-Cas9 system.To generate HeLa-NEIL3 -/and U2OS-NEIL3 -/cell lines, HeLa-and U2OS-CAS9 stable cell lines were firstly generated by transfection with the Cas9 plasmid and selected by blasticidin (Thermo Fisher Scientific). Oligonucleotides encoding guide RNAs targeting NEIL3 (5 -ATTCGCGCGCGGGTGCTCCC-3 ) was cloned into the lentiGuide-Puro vector, a gift from Feng Zhang (Addgene plasmid # 52963). To produce lentivirus, HEK293T cells were seeded at 60% confluence in 60-mm dishes 24 h before transfection. The gRNA-lentiGuide-Puro construct was transfected together with the packaging plasmids (psPAX2 and PMD2.G) using LipoLTX reagent (Thermo Fisher Scientific). Virus was harvested 48 h after transfection, filtered through a 0.45 mm low-protein-binding membrane (Millipore), and then placed on the HeLa-or U2OS-CAS9 cells with a density of 10%. Mono-clone was collected after 2-3 weeks of selection by puromycin, and knockout clones were identified by western blotting.
PUVA (psoralen plus ultraviolet A) treatment
To induce psoralen-ICLs, the cells were washed using 1× PBS and were treated with the indicated concentrations of psoralen (Sigma-Aldrich #P8399) in 1× Hank's Balanced Salt Solution (HBSS) containing 2% FBS. After incubation for 30 min in the dark, cells were exposed to ultraviolet A (UVA) light (365 nm) at a dose of 0.8 J/cm 2 (40, 41) . Following treatment, cells were allowed to recover at 37 • C in complete medium.
CellTiter-Glo cell viability assay
The CellTiter-Glo luminescent cell viability assay kit (Promega) was used to measure cell viability after drug treatment. The CellTiter-Glo kit determines the number of viable cells in culture based on quantitation of the ATP present, an indicator of metabolically active cells Generally, to determine the drug sensitivity of NEIL3 -/cells, 2000 cells (HeLa, U2OS or MEF) per well were plated in a 96-well plate. The sources and doses of DNA damaging agents were as following: camptothecin (Selleckchem #S1288: 0, 0.625, 1.25, 2.5, 5, 10 nM), mitomycin C (MMC, Sigma Aldrich #M0503: 0, 1.25, 2.5, 5, 10, 20 ng/ml), cisplatin (Sigma Aldrich #P4394: 0, 0.0625, 0.125, 0.25, 0.5, 1 M), Hydroxyurea (HU, Sigma Aldrich #H8627: 0, 0.03125, 0.0625, 0.125, 0.25, 0.5 mM), psoralen (Sigma-Aldrich #P8399, 0, 0.03125, 0.0625, 0.125, 0.25, 0.5 M), X-ray irradiation (IR: 0, 1, 2, 5, 7.5, 10 Gy), PUVA (0, 0.015625, 0.03125, 0.0625, 0.125 or 0.25 M psoralen incubation for 30 min followed by exposure to 0.8 J/cm 2 UVA), UVA (0, 0.0625, 0.125, 0.25, 0.5, 1.0 J/cm 2 ), Ultraviolet B (UVB: 0, 50, 100, 200, 400, 800 J/m 2 ), or Ultraviolet C (UVC: 0, 2, 5, 10, 20, 40 J/m 2 ). Cells were cultured in fresh medium for 4-5 days after treatment, by then cell viability was measured. To test knockdown of NEIL3, FANCA, FANCD2 and TRAIP ( Supplementary Table S1 ), indicated cells were transfected with control or specific siRNA (Final concentration of 20 nM siRNA) in 6-well plate and the cells were seeded into 96-well plates next day prior to treatment with DNA damage agents, using the condition stated above. To test knockdown of RUVBL1 and RUVBL2 (Supplementary Table S1 ), cells were transfected with control or specific siRNA (Final concentration of 10 nM siRNA) in 96-well plate (5000 cells/well). 24 h after transfection, the cells were treated with PUVA (0, 0.03125, 0.0625, 0.125, 0.25 or 0.5 M psoralen incubation for 30 min followed by exposure to 0.8 J/cm 2 UVA) or MMC (0, 1.25, 2.5, 5, 10, 20 ng/ml) and were subsequently incubated for a further 48 h to measure the cell viability. To test PARP inhibitor, cells were pretreated with 10 M olaparib (Selleckchem #AZD8821) for 2 h and then treated with indicated concentrations of psoralen (0, 0.015625, 0.03125, 0.0625, 0.125 or 0.25 M) in HBSS containing 2% FBS and 10 M olaparib for 30 min. After exposed with 0.8 J/cm 2 UVA, cells were cultured in fresh medium with olaparib (0.5 M) for 4-5 days before measuring cell viability.
Immunofluorescence
Cells were seeded on cover slide in 12-well plate and then were treated with PUVA (50 nM psoralen for 30 min and then irradiation with 0.8 J/cm 2 UVA) or MMC (5 ng/ml). The ␥ H2AX foci was determined at 0, 1, 6 and 20 h, respectively, after releasing into fresh medium. Briefly, cells were washed by 1× PBS and fixed using 4% paraformaldehyde at room temperature for 20 min. After washing with 1× PBS three times and blocking (blocking buffer, 1× PBS/5% goat serum/0.3% Triton X-100) for 1h, cells were incubated with anti-␥ H2AX (Ser139) (Cell Signaling Technology #2577) at 4 • C overnight. ␥ H2AX foci were generated after incubation with goat anti-rabbit IgG (H+L) secondary antibody (Life Technologies #A32731) for 1 h and detected using fluorescence microscope. For siRNA, 48 h after transfection, cells were then treated with PUVA and followed with above protocols to detect the ␥ H2AX foci formation.
Neutral comet assay
Cells were seeded in six-well plate and exposed to PUVA (10 M psoralen for 1 h followed by 1.0 J/cm 2 UVA). After 4 h, the neutral comet assay was performed to detect DSBs, using a commercial kit (Trevigen, # 4250-050-K) according the manufacturer's protocol. In siRNA transfected groups, cells were treated with PUVA (10 M psoralen for 1 h followed by 1.0 J/cm 2 UVA) 72 h after siRNA transfection and were subjected to the neutral comet assay 4 h after PUVA. Quantification of the comet length was performed using Image J v.1.8.0 112 software.
Psoralen/UVA laser striping
To test the recruitment of NEIL3, the U2OS cells were seeded in glass bottomed dishes and transfected indicated siRNAs. Forty eight hours after transfection, NEIL3-EGFP plasmid was transfection into the cells. Next day the cells were incubated with psoralen (10 M) for 1 h. A Zeiss PALM microdissection microscope equipped with a 360 nm UV laser at the 34% energy dose was then used to observe the recruitment.
To test the recruitment of FANCD2, we generated the U2OS stable cell line using the EGFP-FANCD2 plasmid by selection with puromycin. Cells were seeded in glass bottomed dishes and treated with indicated siRNAs. Seventy two hours after transfection, cells were incubated with psoralen (10 M) in culture medium for 1 h and then used to perform the laser irradiation.
To test the PARPi, NEIL3-EGFP transfection or EFFP-FANCD2 stable U2OS cells were pre-treated with DMSO or 10 M olaparib for 3 h, and then were used to perform the laser irradiation described as above.
Cell synchronization and Cell cycle analysis
HeLa cells were double blocked with 2 mM thymidine (arrested for 16 h, released for 8 h, and arrested for another 16 h), and then the cells were harvested for cell cycle and NEIL3 expression analysis at indicated time point. Cells were collected by digestion using trypsin and were washed twice with 1× cold-PBS. Cells were then fixed in 70% ethanol at −20 • C overnight and stained with propidium iodide for 20 min. Cell cycle distribution was analyzed using a FACS Canto machine. The data was analyzed by FlowJo software v10.07 (BD Biosciences) or Modfit LT software v5.0 (Verity Software House).
Mass spectrometry
HEK293T cells were seeded in 15 cm dishes and transfected with NEIL3-EGFP or empty vector. Twenty four hours after transfection, cells were treated with 10 M psoralen plus UVA irradiation (0.8 J/cm 2 ) and released to culture for indicated time. Cells were then washed with pre-chilled PBS three times and lysed into the lysis buffer (20 mM HEPES-K + , pH 7.6, 0.1 mM KCl, 1.5 mM MgCl 2 , 0.2 mM EDTA, 10% glycerol, 0.01% NP-40, 1 mM DTT, 0.2 mM PMSF, 0.5 mM benzamidine, 1 ug/ml each of leupeptin, aprotinin and pepstatin A) for 30 min at 4 • C. Cell lysates were incubated with GFP-Trap resin (ChromoTek) at 4 • C overnight and the resin was washed with cold lysis buffer four times. The immunoprecipitated NEIL3-eGFP and its binding partners were eluted with SDS elution buffer (2% SDS, 50 mM Tris-Cl, pH 6.8). The samples were prepared by trichloroacetic acid (TCA) precipitation as previously described (42) , and sent to for mass spec analysis.
Immunoprecipitation (IP)
At 48 h after plasmid transfection in 10 cm dish, HEK293T cells were washed twice with ice-cold phosphate-buffered saline. Cells were scraped from dish using 1 ml cold PBS and then were spun at 500 g for 3 min at 4 • C. After removal of the supernatant, the cell pellet were lysed in 600 l IP lysis buffer (250 mM NaCl, 50 mM pH 7.5 Tris-HCl, 1 mM EDTA, 10% glycerol, 0.5% NP40) containing EDTA-free protease inhibitor (Roche) at 4 • C for 30 min. Centrifuge cell lysate at 20 000 g for 10 min at 4 • C and transfer supernatant to a pre-cooled tube. The FLAG ® M2 magnetic beads (Sigma-Aldrich) or GFP-Trap resin (Chro-moTek) were washed three times using the IP lysis buffer and 25 l beads were added to each supernatant tube. After incubating for 4 h at 4 • C, the beads were washed three times with the IP lysis buffer and then were boiled with 100 l 2× SDS-sample buffer for 10 min at 95 • C to dissociate immunocomplexes.
Immunoblotting and antibodies
To prepare whole-cell extracts, cells were washed once with ice-cold PBS and lysed with SDS lysis buffer (100 Mm pH 6.8 Tris-HCl, 20% glycerol, 1% SDS). Equal amounts of samples were subjected to 3-8% Tris-acetate gel (for FANCD2-ubiquitination detection) or 4-12% Bis-tris gel (Thermo Fisher Scientific). The protein was transferred to a PVDF membrane. Membranes were blocked in 2% BSA in TBS-T for 1 h and then incubated overnight at 4 • C with the following antibodies: anti-FLAG M2 antibody (Sigma-Aldrich #F1804), anti-HA-tag (Cell Signaling Technology #3724), anti-GFP (Cell Signaling Technology #2555), anti-beta-actin (Cell Signaling Technology #4967), anti-GAPDH (Cell Signaling Technology #2118), anti-NEIL3 (Proteintech, 11621-1-AP), anti-FANCA (Bethyl Laboratories #A301-980), anti-FANCD2 (Novus Biologicals #NB100-182), anti-FANCI (Santa Cruz Biotechnology #sc-271316), anti-␥ H2A.X (Ser139) (Cell Signaling Technology #2577), anti-PARP1 (Cell Signaling Technology #9542), anti-PARP3 (Novus Biologicals #NBP1-31415), anti-MCM7 (Cell Signaling Technology #3735), anti-RUVBL1 (Abcam #ab51500) and anti-RUVBL2 (BD Biosciences #612482). Proteins were detected using a chemiluminescence system with a horseradish peroxidase conjugated secondary antibody.
Quantitative RT-PCR
Total RNA was extracted applying a RNeasy Mini kit (Qiagen), and cDNA was obtained using the SuperScript™ III First-Strand Synthesis kit (Thermo Fisher Scientific). The following primers were used for qPCR. NEIL3: forward, 5 -GTCCTAATTGTGGTCAGTGCC-3 ; reverse, 5 -TCCA GTGCTCTTCCGACTTC-3 ; TRAIP: forward, 5 -CTAA AAGAGGCACGGAAGGC-3 ; reverse, 5 -TTTCCTGC AGCATCGTTAGC-3 ; GAPDH: forward, 5 -CCATCT TCCAGGAGCGAGAT-3 ; reverse, 5 -TGCTGATGAT CTTGAGGCTG-3 : NEIL1: forward, 5 -CTCGCCCTAT GTTTCGTGGA -3 ; reverse, 5 -TTCAGCCGGTACAG GATCTC-3 .
RESULTS
NEIL3 plays a major role in psoralen-ICL repair independent of the FA/BRCA pathway.
The biochemical role of NEIL3 in psoralen-ICL repair has been demonstrated biochemically in vitro (26) and in the Xenopus egg extract system (25) . Whether NEIL3 plays a role in psoralen-ICL repair or in other types of DNA damage (i.e. double-strand break) repair in human cells remains unclear. We thus generated NEIL3 -/human cells and asked whether these cells are sensitive to any DNA damaging agents. NEIL3 -/-HeLa and U2OS cells were hypersensitive to PUVA (psoralen plus UVA irradiation) ( Figure 1A , B and Supplementary Figure S1A ), while treatment with psoralen or UVA alone had no impact on cell growth (Supplementary Figure S1B ). Neil3 -/-MEFs were also sensitive to PUVA (but not UVA or psoralen) when compared to WT control (Supplementary Figure S1C) . NEIL3 -/-HeLa cells were also sensitive to ICL-inducing agents MMC and cisplatin, but to a lesser extent than PUVA. (Supplementary Figure S1A ). NEIL3 -/-HeLa also showed mild sensitivity to HU and no sensitivity to camptothecin, IR, UVB or UVC (Supplementary Figure S1A) . Taken together, the sensitiv-ity profile results suggest that NEIL3 plays a major role in psoralen-ICL repair.
The FA/BRCA pathway has been extensively studied in MMC-and cisplatin-ICL repair, and it was recently implicated in psoralen-ICL repair (25, 33) . To study the relative contribution of NEIL3 and FA/BRCA pathways to the repair of those three types of ICLs, the sensitivities of NEIL3deficient and FA-deficient were compared. Although both FANCA -/and FANCD2 -/cells were sensitive to PUVA, NEIL3 -/cells showed much more sensitivity to PUVA, sug-gesting that NEIL3 is the major player in psoralen-ICL repair in HeLa and U2OS cells ( Figure 1A and B ). Conversely, NEIL3 pathway plays a less important role than the FA/BRCA pathway in MMC-and cisplatin-ICL repair, as demonstrated by the lesser sensitivity of HeLa-NEIL3 -/to those two agents (Supplementary Figure S1D) .
To determine the relationship between the NEIL3 and FA pathways in psoralen-ICL repair, we knocked down NEIL3 in FA/BRCA-deficient cells and examined their PUVA sensitivity. siRNA knockdown of NEIL3 in FA/BRCA-deficient HeLa and U2OS cells led to additional sensitivity of those cells to PUVA ( Figure 1C and D) . Similar results were observed in FANCD2-deficient cells (PD20), which are SV40-transformed fibroblast cells derived from a FANCD2-deficient FA patient. We observed additional PUVA sensitivity when NEIL3 was knocked down in PD20 cells (Supplementary Figure S1E) . Consistently, depletion of FANCA or FANCD2 by siRNA in NEIL3 -/cells also led to an additional sensitivity to PUVA ( Figure 1E and F). These PUVA sensitivity data indicates that the NEIL3 pathway and the FA/BRCA pathway are functionally non-epistatic in psoralen-ICL repair. In contrast, HeLa-NEIL3 -/cells showed no additional sensitivity to MMC or cisplatin after FANCD2 knockdown (Supplementary Figure S1F ), indicating that NEIL3 participates in MMC-and cisplatin-ICLs repair in a FA/BRCA pathway dependent manner. To investigate whether other NEIL DNA glycosylases is involved in psoralen-ICL repair, we knocked down NEIL1 in HeLa cells and tested their sensitivity to PUVA. NEIL1 knockdown resulted in resistance to PUVA in HeLa cells, where NEIL3 was concurrently upregulated (Supplementary Figure S1G) . These results were consistent with a previous study (43) and supported the idea that NEIL3 is the major enzyme to repair psoralen-ICL. Taken together, NEIL3 plays a major role in psoralen-ICL repair in human cells, which is independent of the FA/BRCA pathway. NEIL3 is also involved in MMC-and cisplatin-ICL repair in human cells, which is governed by the FA/BRCA pathway.
NEIL3 knockdown activates the FA/BRCA pathway in psoralen-ICL repair
In Xenopus egg extracts, psoralen-ICLs are repaired via the FA/BRCA pathway when the NEIL3 pathway is blocked (25) . We asked whether this mechanism is also found in human cells. We first monitored FA/BRCA pathway activation after PUVA by detecting FANCD2 monoubiquitination. FANCD2 mono-ubiquitination was not detected in U2OS or HeLa parental cells treated with 50 nM psoralen plus 0.8 J/cm 2 UVA, when NEIL3 was present. In contrast, mono-ubiquitination of FANCD2 was clearly observed in NEIL3 -/-HeLa and in NEIL3 -/-U2OS cells under the same dose of PUVA treatment (Figure 2A ). This is consistent with our observation that NEIL3 plays a dominant role in psoralen-ICL repair in human cells (Figure 1) , and with the observation in Xenopus that the FA pathway is activated in the absence of NEIL3. These results suggest that the NEIL3 pathway is the major and prioritized pathway for repairing psoralen-ICLs in human cells. Only when the psoralen-ICLs exceed the repair capability of NEIL3 does the FA/BRCA pathway become activated as a backup repair mechanism.
Expression of NEIL3 and FA genes were interdependent at protein level
Since both NEIL3 and FA pathways contribute to the repair of PUVA-ICLs, we expected a compensatory relationship between the NEIL3 and FA pathway proteins. To our surprise, NEIL3 expression was down-regulated at the protein level in U2OS-FANCD2 -/and HeLa-FANCA -/cells, compared to their WT counterparts ( Figure 2B and Supplementary Figure S2A ). Complementation with EGFP-FANCD2 in the U2OS-FANCD2 -/cells rescued the expression of NEIL3 ( Figure 2B ), and similar rescue results could be achieved in FANCD2 deficient (PD20) or FANCG deficient (PD326) FA patient fibroblasts ( Supplementary Figure S2B) . We excluded the possibility of robust regulation at NEIL3 mRNA level in FA-deficient cells, since NEIL3 mRNA level was not changed in those cells (Supplementary Figure S2C ). We also excluded that the decreased level of NEIL3 was a result of cell cycle alteration. Consistent with our previous report (20) , NEIL3 expression increases during S phase and reached maximal levels in G2/M (Supplementary Figure S2D ). However, there was no significant change in the cell cycle distribution of NEIL3 in U2OS-FANCD2 -/and HeLa-FANCA -/cells ( Supplementary Figure S2E and F) . Next, we studied how NEIL3 deficiency affected FA genes. FANCA and FANCD2 expression levels were decreased in NEIL3 -/-HeLa and U2OS cells ( Figure  2C ). Further investigation showed the proteasome inhibitor MG-132 was able to stabilize NEIL3 in FANCD2 cells and FANCD2 in NEIL3 -/cells, suggesting NEIL3 and FANC protein stabilize each other by reducing proteasome degradation (Supplementary Figure S2G) . The mutually dependent expression levels led us to speculate that NEIL3 might form a complex with FANC proteins. However, we were not able to detect an interaction between NEIL3 and the FA proteins after many attempts of co-immunoprecipitation experiments, and the FA proteins were not detected in the NEIL3 immunoprecipitant in our IP-MS experiment (Supplementary Figure S2H ).
Response of NEIL3 to psoralen-ICLs was enhanced in FA/BRCA-deficient cells
We next studied how NEIL3 responses to PUVA treatment. Upon PUVA treatment, rather than UVA irradiation or psoralen treatment, the NEIL3 expression was up-regulated in both HeLa and U2OS cells, suggesting that NEIL3 plays an active role in the DNA damage response ( Figure 2D and E, Supplementary Figure S2A ). Interestingly, NEIL3 protein was strongly induced after PUVA exposure in these FA-deficient cells (more than 4-fold), despite a low starting level of NEIL3 protein in these cells ( Figure 2D and E) . This increase is not likely an effect of cell cycle, since the S and G/M populations combined showed no difference in WT and FANCA -/-HeLa cells after PUVA treatment (Supplementary Figure S2I and J). These results demonstrated an active response of NEIL3 to PUVA, and also explained why FA/BRCA-deficient cells were only mildly sensitive to PUVA. 
The NEIL3 pathway repairs psoralen-ICLs without generating double-strand breaks
Previous studies in Xenopus egg extracts revealed that NEIL3 unhooks DNA psoralen-ICLs without generating double-strand breaks (DSBs) (25) . We next determined whether a similar mechanism was present in human cells. We investigated DSB generation after PUVA treatment in HeLa cells that were defective in either the NEIL3 pathway or the FA/BRCA pathway, using ␥ H2AX foci as markers. Following PUVA treatment, WT HeLa cells exhibited a slight increase of ␥ H2AX foci compared to the untreated cells (0 h). FANCA -/cells, which only retained the NEIL3 pathway, had a lower level of ␥ H2AX foci compared to WT HeLa cells. Conversely, NEIL3 -/cells, which only have the FA/BRCA pathway for repair of the psoralen-ICLs, contained an increased number of ␥ H2AX foci compared to WT HeLa cells (at 6 and 20 h) ( Figure 3A and Supplementary Figure S3A ). Consistent with the IF results, the ␥ H2AX level was also increased in the NEIL3 -/cells after PUVA treatment as determined by western blot ( Figure  3B, lanes 5-8) . Moreover, depletion of FANCD2 decreased ␥ H2AX foci formation in both WT and NEIL3 HeLa cells ( Figure 3C and Supplementary Figure S3B ), indicating the FA pathway is responsible for the DSBs generated after PUVA. Since ␥ H2AX is not a perfect marker for DSBs, we evaluated cellular DSB levels after PUVA treatment using the neutral comet assay, which detects DSBs directly at DNA level. Similar to the ␥ H2AX foci and Western blot data, we observed that there were more DSBs in NEIL3 -/-HeLa cells compared to WT counterparts after PUVA, as indicated in the increased tail length of the comets. Consistently, much shorter comet tails were observed in FANCA -/cells ( Figure 3D-E) . In addition, depletion of FANCD2 decreased the tail length of comets in both HeLa WT and NEIL3 cells ( Figure 3F, G) , indicating that DSB genera-tion after PUVA is dependent on the FA pathway but not the NEIL3 pathway. To note, the elevated ␥ H2AX foci in NEIL3 -/cells were completely rescued by siFANCD2. In addition, we did not observe a difference in ␥ H2AX foci formation in FANCA -/and NEIL3 -/cells following MMC treatment (Supplementary Figure S3C-D) , suggesting again that NEIL3 shares the same downstream factors with FA/BRCA pathway in MMC-ICLs repair. Taken together, our data demonstrated that, unlike the FA/BRCA pathway, the unique psoralen-ICLs unhooking mechanism of NEIL3 is not associated with DSB formation in human cells.
PARP is required for the recruitment of NEIL3 and FANCD2-Ub to DNA damage
We next examined how NEIL3 is recruited to psoralen-ICL sites. Cells were pre-treated with psoralen and irradiated with a UVA laser (357 nm), and the NEIL3 recruitment was monitored by a GFP tag (Supplementary Figure S4A) . In the absence of psoralen, UVA laser alone did not trigger the recruitment of NEIL3-EGFP ( Figure S4B ). The recruitment of NEIL3-EGFP to the PUVA laser stripe was very efficient; 90% of the cells showed positive NEIL3-EGFP recruitment to the laser track. The recruitment was also rapid, which occurs within one minute ( Figure 4A, B) . To determine whether NEIL3 recruitment to psoralen-ICL is dependent on any known DNA damage response pathways during psoralen-ICLs repair, we tested inhibitors of ATM, ATR, DNA-PK and PARP. We found only the PARP inhibitor (olaparib) strongly blocked NEIL3 recruitment to psoralen-ICLs ( Figure 4A, B) , while ATM, ATR or DNA-PKcs inhibitors did not affect NEIL3 recruitment (Supplementary Figure S4C ). Note that olaparib almost completely blocked the recruitment of NEIL3, indicating this event is highly PARP dependent. In contrast, the recruit- ment of EGFP-FANCD2 was much weaker and less efficient, and the recruitment could only be clearly observed five minutes after PUVA laser irradiation. PARPi olaparib only partially suppressed FANCD2 recruitment ( Figure 4C , D and Supplementary Figure S4D ). The PARP-dependent recruitment of NEIL3 and FANCD2 (to a lesser extent) was confirmed in PUVA laser irradiation experiments with PARP knockdown ( Supplementary Figure S4E-G) . Interestingly, the recruitment of NEIL3 and FANCD2 was mediated by different PARP family members. Knockdown of PARP1 blocked NEIL3 recruitment, while depletion of PARP3 blocked FANCD2 recruitment (Supplementary Figure S4E-G) . In addition, depletion of NEIL3 had no impact on FANCD2 recruitment, and depletion of FANCD2 did not affect NEIL3 recruitment (Supplementary Figure  S4H and I). These results are consistent with the idea that the NEIL3 pathway is promptly activated upon PUVA exposure, while the FA pathway is delayed. So far, we showed that NEIL3 was critical for psoralen-ICL repair and PARP was indispensable for NEIL3 re-cruitment to psoralen ICL. We asked whether treating cells with a PARP inhibitor would have same effect as depleting NEIL3 in PUVA sensitivity assays. Consistently, olaparib treatment sensitized HeLa cells to PUVA and caused an additional sensitivity of FANCA -/cells to PUVA ( Figure  4E ), in agreement with the PUVA laser striping data (Figure 4A, B) and PUVA sensitivity data with NEIL3 depletion (Figure 1C, D) . On the other hand, olaparib caused a mild increase in PUVA sensitivity in NEIL3 -/cells ( Figure 4F ), which may be due to a less efficient inhibition of FANCD2 by olaparib. These results show that NEIL3 repairs PUVA-ICLs in a strictly PARP-dependent manner.
NEIL3 and RUVBL1/2 interact and function in the same pathway
To better understand the function of NEIL3 in psoralen-ICL repair, we performed mass spectrometry to identify novel NEIL3 binding partners upon PUVA treatment. NEIL3-GFP was expressed in HEK293T cells and im- munoprecipitated by the GFP tag. The quality of immunoprecipitation was accessed by silver staining, in which both the bait NEIL3-GFP and the binding partners were evident (Supplementary Figure S5A) . A list of the top interactors is shown in Supplementary Figure S5B . Consistent with the PARP-dependent recruitment of NEIL3, PARP1 was detected by the mass spectrometry. To our interest, RUVBL1 and RUVBL2, known to form a heterodimeric complex (44) , were among top hits. The RUVBL1/2 complex has been reported to associate with FA/BRCA pathway proteins and its knockdown sensitizes cells to mitomycin C (MMC) (36), a phenotype of FA/BRCA pathway deficient cells. We therefore investigated whether NEIL3 functions in concert with the RUVBL1/RUVBL2 complex. To confirm the interaction between NEIL3 and RUVBL2 and/or RUVBL1, we co-transfected the NEIL3-HA and the RUVBL1-Flag or RUVBL2-Flag plasmids Supplementary Figure S5C ), and co-IP experiments were carried out. RUVBL2, and RUVBL1 to a lesser extent, pulled down NEIL3 ( Figure 5A ), while NEIL3 pulled down RUVBL2 but not RUVBL1 ( Figure 5B ). These data suggest NEIL3 primarily binds to RUVBL2 of the RUVBL1/2 complex. Depletion of RUVBL1 or RUVBL2 had no impact on the recruitment of NEIL3 or FANCD2 to PUVA laser stripes (Supplementary Figure S5D and E). However, a decreased NEIL3 protein level was observed when RUVBL1 or RU-VBL2 was knocked down ( Figure 5C ). A similar reduction of FANCD2 and FANCI levels was observedSupplementary Figure S5F ), which was consistent with previous work (36) . Since NEIL3 and RUVBL1/2 form a complex in cells, the down-regulation of NEIL3 might be due to its instability resulting from knockdown of RUVBL1/RUVBL2. On the opposite, RUVBL1 and RUVBL2 levels were not changed significantly in NEIL3 -/and FANCA -/cells ( Figure 5D and Supplementary Figure S5G ). In addition, the cell cycle profiles of RUVBL1-depleted HeLa cells were not altered (Supplementary Figure S5H and (36) ). These results show that the RUVBL1/2 complex either stabilize NEIL3 in a complex or regulate NEIL3 through transcription.
We next studied the contribution of the RUVBL1/2 complex to PUVA-ICL repair and its relationship with NEIL3 in this process. Depletion of either RUVBL1 or RUVBL2 led to mild PUVA sensitivity in WT HeLa cells, while NEIL3 -/cells were very sensitive to PUVA. We did not observe further PUVA sensitivity after RUVBL1/2 knockdown in NEIL3 -/cells, indicating NEIL3 and RUVBL1/2 have an epistatic function in PUVA-ICL repair ( Figure 5E ). On the other hand, FANCA and RUVBL1/2 showed a nonepistatic relationship in PUVA repair ( Figure 5F) . Given that the role of RUVBL1/RUVBL2 complex in MMC-ICL repair was dependent on the FA/BRCA pathway (36) , which was distinct from psoralen-ICL repair, we next examined MMC sensitivity in FANCA -/and NEIL3 -/cells after depletion of RUVBL1/RUVBL2. We did not observe any additional MMC sensitivity after knocking down of RUVBL1 or RUVBL2 in either HeLa-NEIL3 -/or HeLa-FANCA -/-(Supplementary Figure S5I and J) . These data suggest that the RUVBL1/RUVBL2 complex are epistatic with both NEIL3 and FA pathways in MMC-ICL repair. Taken together, these data suggest that RUVBL1/2 and NEIL3 function in the same pathway for psoralen-ICL repair, and this pathway is distinct from the FA/BRCA pathway, which is majorly responsible for MMC-ICL repair.
TRAIP is required for both NEIL3 and FA/BRCA pathways in psoralen-ICLs repair
Recently, TRAIP was identified as a master regulator of psoralen-ICL repair in both the NEIL3 and FA/BRCA pathways in Xenopus egg extracts (33) . To investigate the role of TRAIP in psoralen-ICLs repair in human cells, we investigated PUVA sensitivity after TRAIP depletion. Lacking a good TRAIP antibody, the efficiency of siRNAmediated depletion of TRAIP was evaluated by qPCR and Western blotting of exogenously expressed TRAIPmyc ( Supplementary Figure S6A and B) . Knockdown of TRAIP caused PUVA sensitivity, and more importantly, TRAIP knockdown presented additional PUVA sensitivity in both FANCA -/and NEIL3 -/-HeLa cells ( Figure 6A and B), indicating that TRAIP is non-epistatic with both the FA/BRCA and the NEIL3 pathways in psoralen-ICL repair. In addition, depletion of TRAIP partially impeded NEIL3 recruitment to psoralen-ICLs, but it did not affect FANCD2 recruitment ( Figure 6C and Supplementary Figure S6D and E). These results are consistent with a model in which ubiquitylation of the CMG complex by TRAIP is required for NEIL3 recruitment to chromatin in Xenopus egg extracts (33) . Although MCM7 ubiquitylation has been identified as a key event that is required for NEIL3 recruitment, we only observed a weak impact of MCM7 knockdown in NEIL3 recruitment (Supplementary Figure S6C) . Intriguingly, depletion of TRAIP increased the expression of NEIL3 and FANCD2 proteins, and it also increased the mono-ubiquitylation of FANCD2 ( Figure 6D ). We speculate that this elevated activation of NEIL3 and FA pathways might be a compensatory response to their nonfunctional recruitment in the absence of TRAIP. In conclusion, these data show TRAIP is non-epistatic with both the FA/BRCA and the NEIL3 pathways in psoralen-ICL repair, and suggest that TRAIP may function upstream of both pathways.
DISCUSSION
In this study, we investigated the role of NEIL3 in the repair of psoralen-induced ICLs. We show that NEIL3 plays a major role in psoralen-ICL repair while the FA pathway is primarily responsible for the repair of MMC-and cisplatin-induced ICLs. The two pathways are non-epistatic in psoralen-ICL repair. Unlike the FA pathway, NEIL3 repair mechanism is PARP dependent and does not introduce DSBs. On the one hand, RUVBL1/2 forms a complex with NEIL3 and is functionally epistatic with NEIL3. On the other hand, TRAIP is functionally non-epistatic with both NEIL3 and FA/BRCA pathways, indicating that TRAIP may function upstream of the two pathways. A model is provided to summarize our findings ( Figure 6E) The hypersensitivity of NEIL3 depleted cells to psoralen-ICLs in multiple human cell lines demonstrates that NEIL3 is the major pathway to repair psoralen-ICLs, and that the NEIL3 pathway is prioritized over the FA pathway in human cells (Figure 1 ). Based on in vitro studies, NEIL3 is also important for repair of AP-ICLs in human cells (25, 26) . We also tested the sensitivity of NEIL3 -/cells to other types of ICLs -namely, cisplatin-and MMC-induced ICLs. Although NEIL3 -/cells were sensitive to these ICLs, they were more sensitive to psoralen-ICL, and the repair of cisplatin-ICLs and MMC-ICLs was primarily governed by FA pathway (Supplementary Figure S1 ). These results are consistent with previous studies indicating that NEIL3 does not process cisplatin-ICL (25, 33) . It will be interesting to determine how cells choose a pathway upon different ICL exposures. The rapid recruitment kinetics of NEIL3 and relatively slow kinetics of FANCD2 suggest that NEIL3 is the first line of defense. Cells will proceed with the mechanistically simpler NEIL3 pathway when the ICL substrate can be directly unhooked by NEIL3 (i.e. psoralen-ICL) and activate the more complex FA pathway when the ICL cannot be unhooked by NEIL3.
Wu et al. showed that both the FA and NEIL3 pathways must to be eliminated in order to generate cellular hypersensitivity to psoralen-ICLs in HAP1 cells (33) . Synthetic lethality between FA and NEIL3 pathway was also evident in our study. However, we observed that NEIL3 depletion alone, either by siRNA or CRISPR-Cas9 knockout, led to hypersensitivity of HeLa and U2OS cells to psoralen-ICLs (PUVA), emphasizing that the NEIL3 pathway is the more efficient pathway in psoralen-ICL repair. This discrepancy may be a result of different cell lines being used. One question was whether the NEIL3 pathway is prioritized in human cells, similar to the observation in Xenopus extracts. Our data in human cell lines support this hypothesis. First, NEIL3 is recruited to PUVA-induced DNA damages faster than the FA protein FANCD2 (Figure 4) . In our hands, strong NEIL3 recruitment could be observed within one minute, while FANCD2 recruitment was only evident after 5 minutes of PUVA treatment. Secondly, FANCD2 is not mono-ubiquitinated when NEIL3 is present in WT HeLa and U2OS cells, while, in response to PUVA, NEIL3 protein levels are elevated regardless of FA pathway availability (Figure 2) . Thirdly, PUVA does not trigger significant phosphorylation of H2AX in WT cells, a sign that NEIL3-mediated repair occurs in the normal setting, while ␥ H2AX foci levels are higher after PUVA treatment of NEIL3 -/cells, indicating that the FA pathway is activated as a backup pathway (Figure 3 ). In summary, our data show that NEIL3 pathway is prioritized in PUVA repair in human cells.
The Fanconi Anemia pathway plays an essential role in ICL repair during DNA replication (3). One of the key steps of this pathway is nucleolytic incision of DNA strands flanking the ICL (45) , which generates a DSB that need further processing. Both purified NEIL3 and NEIL1 remove psoralen-induced DNA-DNA cross-links in vitro, the former does it without nicking DNA backbone (26) , which is consistent with results in Xenopus extracts (25) . Our data in human cells are consistent with those in vitro observations. When NEIL3 was deleted in HeLa cells, a strong accumulation of ␥ H2AX was observed after PUVA treatment, and this ␥ H2AX accumulation was attenuated by FANCD2 depletion ( Figure 4 ). Our data demonstrate that the direct unhooking mechanism utilized by NEIL3, which occurs without the generation of DSBs, is conserved in human cells.
Replication fork stalling at a DNA-protein crosslink leads to TRAIP-dependent ubiquitylation and proteasome degradation (46) . Wu et al. show that CMG ubiquityla-tion by TRAIP is required to recruit NEIL3 for ICL unhooking. TRAIP associates with the replisome and nonspecifically ubiquitylates lysine residues on bulky protein obstacles. The generation of a short ubiquitin chain can recruit NEIL3 (33) . Here, we show that NEIL3 is rapidly recruited to PUVA laser tracts in a PARP-dependent manner. The PARP inhibitor olaparib, or knockdown of PARP1, strongly blocks NEIL3 recruitment (Figure 4) . TRAIP, on the other hand, only weakly blocks NEIL3 recruitment ( Figure 6 ). Since we looked at an unsynchronized cell population while the Xenopus extracts represent S phase, it is possible that the recruitment of NEIL3 relies more on TRAIP during S phase as opposed to other phases of the cell cycle. TRAIP itself is recruited to chromatin following ICL exposure during replication (47) . BRCA-related FA proteins (BRCA2, FANCJ/BACH1 and FANCN/PALB2) requires replication for crosslink association, unlike other FA core and I/D2 complexes (48) . In agreement with this study, we did not see reduction of FANCD2 recruitment after TRAIP knockdown. Our results suggest that psoralen-ICL repair by NEIL3 is not solely governed by TRAIP, and that it may also function outside of S phase.
Another interesting observation is that the protein levels of NEIL3 and FANC proteins are inter-dependent. We observed FANCD2 and FANCA proteins were decreased in NEIL3 -/cells and NEIL3 protein was decreased in the FA cells. Transcription regulation did not appear to be involved, since NEIL3 mRNA levels in FANCD2 -/or FANCA -/cells were similar to the WT counterparts. Cell cycle alteration cannot explain the inter-dependency, since cell cycle distribution did not change in those FA cells. A previous study demonstrated that the NEIL1 level is dependent on the presence of an intact FA pathway and NEIL1 undergoes proteolytic degradation in FA cells (49) . After treatment with the proteasome inhibitor MG-132, NEIL3 in U2OS-FANCD2 -/cells was increased to a similar level as in WT cells. Also, FANCD2 was increased after MG-132 treatment in NEIL3 -/-HeLa cells, although the increase was not as prominent. There data suggest NEIL3 and FANC protein stabilize each other by reducing proteasomemediated protein degradation.
The interdependency between NEIL3 and FANC proteins suggested that they may share a physical interaction. However, we failed to detect a specific proteinprotein interaction between NEIL3 and FANC proteins using co-immunoprecipitation. The interaction may be transient or weak in nature and cannot be captured by coimmunoprecipitation. Alternatively, the stabilization between NEIL3 and FANC proteins may not be mediated by a direct interaction; rather, it may be mediated by a shared interaction with additional factors such as the RUVBL complex. We have shown that NEIL3 interacts with RUVBL2 and the interaction between FANC protein and RUVBL1/2 complex has been previously reported (36) .
A potential role of NEIL1 in ICL repair has also been recently described. Macé-Aimé et al. demonstrated that the NEIL1 protein level is dependent on an intact FA pathway, suggesting downregulation of NEIL1 may contribute to hypersensitivity of FA cells to ICLs (49) . However, McNeill et al. later showed that NEIL1 is recruited to psoralen-ICL, but it interferes and delays psoralen-ICL repair (43) . Our results were consistent with the later study. NEIL1 knockdown cells were mildly resistant to psoralen-ICL. Interestingly, NEIL3 was concurrently upregulated in the NEIL1depleted cells, providing a mechanism for the resistance of NEIL1-deficient cells to psoralen-ICL. Taken together, these results further suggest that NEIL3, but not the other NEIL glycosylases, is the major enzyme to repair psoralen-ICL.
In summary, our study shows that NEIL3 plays a major role in psoralen-ICL repair, which is non-epistatic with the FA pathway, a pathway which is primarily responsible for MMC-and cisplatin-induced ICLs. The psoralen-ICL repair mechanism of NEIL3 is PARP-dependent and does not introduce DSBs.
